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The band structure of iron-based superconductors gives rise to yet another scenario for the ap-
pearance of Dirac fermions. A viewpoint on “Observation of Dirac cone electronic dispersion in
BaFe2As2”: (Richard et.al., PRL 104, 137001 (2010)).
PACS numbers:
Superconductivity above 30 K was realized in the mid
80s with the discovery of cuprate high-temperature su-
perconductors [1]. The monopoly of copper was broken
in 2008 with the discovery of iron-based superconductors
- of which there are now many families - which have a
maximum transition temperature (55 K) comparable to
that of single-layer cuprates [2, 3]. Their complex phase
diagrams are poorly understood, but we do know that
most have a magnetic phase [4] that changes to a super-
conducting one as the concentration of electrons or holes
in the bulk increases.
The parent magnetic state of iron-based superconduc-
tors determines their superconducting transition temper-
ature. In their paper in Physical Review Letters [5],
Pierre Richard and collaborators from China, Japan, and
the US report band-structure measurements of the parent
magnetic state of iron-based superconductors that show
linearly dispersed bands in the shape of a cone, which
implies that the carriers follow dispersion relations for
massless relativistic fermions that obey the Dirac equa-
tion. These results confirm an existing theoretical predic-
tion [6] and earlier experimental results on the Dirac band
structure and the orbital nature of the magnetic order in
the parent superconductor [7]. Richard et al. present
angle-resolved photoemission (ARPES) studies of high-
quality single crystals of BaFe2As2, which has a magnetic
transition temperature of 138 K when undoped. They
map the Fermi surfaces and find slightly anisotropic band
crossings arranged in the shape of a Dirac cone. Dirac
fermions are also known to exist in other condensed-
matter systems such as in the bulk [8] and surface [9]
of topological insulators [10, 11], in graphene [12], and
cuprate superconductors [13].
In iron-arsenide compounds, the parent state is a
collinear antiferromagnet, with a commensurate order-
ing wave vector (pi, 0) or (0, pi). This wave vector also
appears in the band structure of the normal state of
iron-based superconductors as a momentum-space vector
(nesting vector) connecting the Fermi surfaces hole pock-
ets that surround the Γ point and the electron pockets
around the M point in the unfolded Brillouin zone (see
Fig. 1). This band structure is a consequence of the
multiorbital nature of the system; all of irons five 3d or-
bitals are necessary for a full electronic description of the
system. Of these, the most important for understanding
the present experimental results are the dxz, dxy, and dyz
orbitals.
Plausible explanations for the low-temperature mag-
netic ordering vector involve either a spin-density wave
(SDW) formation tendency consistent with the nesting
wave vector [14] or an antiferromagnetic state formation
tendency due to next nearest neighbor spin-spin inter-
actions [15, 16]. In the magnetic phase, the Fermi sur-
faces reorganize, the Brillouin zone folds, and gaps due
to electron-hole scattering are seen in the electronic spec-
trum. SDW formation usually leads to the opening of
an electronic gap by destroying the Fermi surface if the
Bloch vectors along the nesting vectors can span the full
Fermi surface. Strong interactions can also gap the SDW
state. In the iron-based compounds, as the present ex-
periment shows, the situation is different: due to the
topology of the Fermi surface [17] a coupling between
the Bloch wave vectors of the electron and hole pockets
sets the SDW-induced electronic gap.
In accounting for the nature of the SDW state, a
full theoretical analysis [6] based on a five-orbital model
[18, 19] shows that the Bloch band of the electron Fermi
surface pocket is odd under reflection, while the outer
hole pocket of the Fermi surface is even along the SDW
ordering axis. The SDW matrix element between them
vanishes and gives rise to a nodal (not fully gapped)
SDW, which can at most be semimetallic. This gap-
less SDW magnetic state survives even for strong in-
teractions [6]. In experiments, the authors observe [5]
a high-intensity point in the ARPES data on the Γ?M
symmetry line for the folded band structure of magneti-
cally ordered BaFe2As2. This feature, occurring roughly
where the electron band hybridizes with a hole band, dis-
appears above the SDW transition temperature and has a
dispersion characteristic of a relativistic Dirac cone. The
observed Dirac cone is thus related to the nature of the
SDW state in these materials. The apex of the Dirac cone
is situated slightly above the Fermi energy, which would
give rise to small hole pockets in the ARPES data. Its
dispersion has a small degree of anisotropy. Away from
the cone the band is gapped and the authors data provide
the variation of the gap function. A fourfold symmetric
electron density pattern is observed around the Γ and
M points. This property could be intrinsic, such as in
a weak-SDW [6] mode, or arise from the superposition
FIG. 1: The magnetic order and Dirac cones in the pnictides: Spins are projected on a real-space lattice where the magnetic
ordering wave vector (pi,0) is shown (bottom plane). This wave vector connects two pieces of the Fermi surface on the reciprocal
space (upper plane). The crystal symmetry, multiorbital nature along with the magnetic order in pnictides leaves behind linear
band crossings in the shape of Dirac cones in some parts of the reciprocal space plane (upper plane). These Dirac cones
highlight the mechanism of magnetic order.
of twin domains expected to form under the structural
distortion and SDW transitions. The latter scenario was
originally proposed in Ref. [7].
The occurrence of Dirac fermions in the system im-
plies that the SDW magnetic state is always metallic.
The experimental observations, however, cannot distin-
guish between a weak-coupling SDW and an antiferro-
magnetic picture in which some more localized bands
are also present. The discovery of the Dirac cone shows
that theoretical models that neglect orbital symmetries
of iron-based superconductors may not explain the im-
portant aspects of the physics. More experiments are
needed to address several puzzles. The 122 materials are
known to have rather strong z-axis dispersion and the
evolution of the Dirac cone with the z-axis momentum
needs to be studied. In several materials, the SDW state
coexists with the superconducting state. One possibil-
ity for the superconducting order parameter is that of
the sign changing s±-wave type, which is nodeless. If
the superconductor is indeed of the nodeless s± type,
does the gapless Dirac fermion still survive in the phase
where SDW and superconductivity co-exist? If it does
not, then could it be that the superconducting gap open-
ing of the Dirac cone gives rise to a superconductor with
topological properties [20]? The observation of a Dirac
fermion in iron-based materials introduces a new system
with protected cones, after cuprate superconductors [13],
graphene [12], and topological insulators [10]. It is likely
to inspire new research and unravel the connection be-
tween nodal SDW magnetism and the nature of super-
conductivity.
Iron-based superconductors are the latest example of
the Dirac physics that has recently energized condensed
matter physics. In cuprate superconductors, Dirac nodes
(points where the two cones meet) appear in the struc-
ture of the superconducting order parameter, caused by
the electron-electron interactions in the parent magnetic
Mott insulator. In graphene, degenerate Dirac fermions
appear in the noninteracting band structure due to the
C3 symmetry of the lattice, along with inversion and
time-reversal symmetry. In topological insulators, spin-
polarized Dirac fermions appear in the strong spin-orbit
coupled band structure at the edge of the insulating
bulk and enjoy extended protection due to time-reversal
symmetry [10]. In iron-based superconductors, Dirac
fermions appear in the magnetic SDW state band struc-
ture [5] as a result of the point-group symmetry of the
orbitals [7] making up the Fermi surfaces involved in the
nesting process. Even though they enjoy different de-
grees of protection against disorder and interactions, the
Dirac fermions present in all these materials are fascinat-
ing examples of how different systems can lead to similar
profound low-energy electron behavior.
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